greenhouse effect by extracting and storing excess carbon from the atmosphere. In addition, the need to reduce fossil fuel dependence has resulted in consideration of forest residues (mainly branches and foliage) as a useful renewable source of biomass. To satisfy the requirements of both the Kyoto Protocol and the need to quantify the amount of biomass available for energy purposes, accurate and effective methods of estimating biomass and carbon stocks are increasingly necessary.
Several procedures are used to estimate forest biomass, and the choice of method mainly depends on the data available. The scaling-up approach is one of the most commonly used methods, especially at a local scale. This method involves the development of individual-tree biomass equations and prediction of stand biomass as the sum of predicted biomass of individual trees (e.g., Balboa-Murias et al. 2006) . The approach requires biomass equations for individual trees as well as measurement of diameter at breast height and, in some cases, the height of each tree (e.g., Wang et al. 2011) .
However, estimation of forest biomass in larger management areas requires more efficient estimation methods, in which stand biomass equations (SBE) or biomass expansion factors (BEF) must be used (Somogyi et al. 2007 ). SBE estimate total or component biomass (needles, branches, wood, bark, etc.) at stand level from stand variables that are easily obtained from forest inventories or from wholestand models (e.g., Monserud et al. 1996; Bi et al. 2010 ). On the other hand, BEFs are multipliers that enable expansion of the growing stock (i.e., the stand stem volume of living trees) to account for total or component biomass in a stand (Lehtonen et al. 2004; Wirth et al. 2004; Somogyi et al. 2007 ). In general, constant BEFs have been applied (e.g., UN-ECE/FAO 2000) . Recent methodological guidelines from the IPCC (2003, 2006) include sets of speciesspecific default values for BEF, although it is recognized that the average values reported are expected to be highly variable. It is well known that BEF vary depending on growth conditions (e.g., Wirth et al. 2004; Albaugh et al. 2009 ) and the stage of stand development, expressed by stand age or size (Lehtonen et al. 2004; Levy et al. 2004; Jalkanen et al. 2005) , because all of these factors affect the biomass allocation strategies of trees.
Individual-tree biomass equations have been developed for the major forest species in NW Spain (Diéguez-Aranda et al. 2009 ). However, the data required for application of these equations are not always available. In addition, most of the growth models developed in the region function on a stand-basis, and thus mainly predict stand variables (dominant height, stand basal area, stand density, stand volume, etc.). The use of stand variables avoids the need to disaggregate the stand basal area predicted from whole-stand growth models into diameter classes, for estimation of stand biomass. It also avoids having to deal with complex error propagation procedures that involve model components at different spatial scales in the disaggregation process. Taking these aspects into account, the most efficient approaches for predicting stand biomass in the region are those based on explanatory variables obtained at stand level.
The objectives of the present study were: (1) to develop two alternative systems of additive equations for estimating aboveground biomass of the major forest species in NW Spain (Betula pubescens, Eucalyptus globulus, Pinus pinaster, Pinus radiata, Pinus sylvestris, and Quercus robur) at stand level and (2) to compare the predictive ability of the alternative systems for estimating total and component stand biomass.
Material and methods

Data
Data from permanent sample plots and from the Spanish National Forest Inventory (SNFI) were used in the study. The permanent sample plots (1,279 plots) were established by the University of Santiago de Compostela and the University of Oviedo in stands of all species studied, except for E. globulus. Some of the initially established plots were remeasured, thus providing a total of 1,738 measurements (on average 1.3 measurements/plot for all species). The plots were located throughout the area of distribution of the species in NW Spain, and were subjectively selected to represent the existing range of ages, stand densities, and sites. The plot size ranged from 400 to 1,200 m 2 , depending on stand density, to achieve a minimum of 30 trees per plot. Diameter at breast height (d) was measured in each tree, and total tree height (h) was measured in a randomized sample of 30 trees, and in an additional sample of the dominant trees (the proportion of the 100 thickest trees per hectare, depending on plot size). For some species and measurement occasions, total tree height was available for all trees in the plots.
For E. globulus, the data were obtained from the second and third SNFI in Galicia. The SNFI is a systematic sample of permanent, circular nested plots in a 1 km square grid, in which trees are sampled within different radii according to their diameter at breast height. For each plot and measurement occasion, d and h were recorded for all sampled trees. All plots with more than 90% eucalyptus stems and with no anomalies (see Crecente-Campo et al. 2010) were selected for the present study (976 plots, 1,225 measurement occasions). Data from the SNFI was not used for the remaining species because sufficient higher-quality data from permanent plots were available.
The overall data consisted of 2,963 plot-based estimates of components as well as total aboveground stand biomass derived from tree-level biomass equations. These treebiomass equations were developed with data from destructively sampled trees, including data on aboveground biomass per component. For most species, the following components were considered: leaves/needles, twigs (0.5 cm maximum butt diameter), thin branches (2 cm maximum butt diameter and 0.5 cm minimum top diameter), thick branches (branches with 7 cm maximum butt diameter and 2 cm minimum top diameter), stem bark, and stem wood (debarked logs with a thin-end diameter of 7 cm). Existing equations for treebiomass estimation were used for P. pinaster and P. radiata (Balboa-Murias et al. 2006) , B. pubescens and Q. robur (Gómez-García 2011), and E. globulus (Diéguez-Aranda et al. 2009, pp. 238-240) . The equations were developed on the basis of data from trees sampled for biomass analysis in NW Spain (50, 34, 125, 48 , 50 trees of B. pubescens, E. globulus, P. pinaster, P. radiata, and Q. robur, respectively) and most of them explained more than 85% of the observed variability in component biomass. Further details of the development of these equations are reported elsewhere (Diéguez-Aranda et al. 2009 ). For P. sylvestris, individual-tree biomass equations were developed at a national scale with data from 316 trees (Montero et al. 2005) . Although in these studies, individualtree equations for belowground biomass are available for B. pubescens, P. radiata, Q. robur, and P. sylvestris, they were based on very small samples of 6, 11, 12, and 14 trees, respectively. Therefore, large estimation errors are expected (Chave et al. 2004 ) and their use for quantifying root biomass at stand level is not recommended. If root biomass is required, root/shoot ratios can be used for general species groups (e.g., Levy et al. 2004) .
All the equations include d as predictor, and many of them also include h. Generalized h-d equations reported by Diéguez-Aranda et al. (2009, p. 188 ) were used to estimate h for trees in which this variable was not measured. To obtain stand biomass values, individual-tree biomass equations were applied to each tree within the plot; values were obtained on an area basis (Mg ha −1 ), considering the surface area of the plots. The values thus obtained were assumed to be the best available ("true") stand biomass estimate. Stand variables available for each plot included number of trees per hectare (N, trees ha −1 ), stand basal area (G,
(H 0 , m), and dominant diameter (D 0 , cm) (defined as the mean height and mean diameter of the 100 largest diameter trees per hectare, respectively), and stand volume (V, m 3 ). The latter variable was calculated by adding the volume of the live trees in each plot estimated with the individual-tree volume equations reported by Diéguez-Aranda et al. (2009, p. 208) , which depend on d and h. Stand age was not considered as a stand variable for the analysis because: (1) it was not available for E. globulus plots, as it is not measured in the SNFI; (2) a representative stand age it is not easy to obtain in natural stands of B. pubescens and Q. robur, and (3) its absence makes application of the models easier because it is not usually measured in forest inventories.
The number of plots used for stand biomass estimations, the stand biomass components considered, and the basic description of the stand biomass components data for each species are summarized in Table 1 . The values of total aboveground stand biomass plotted against the stand level variables G, H 0 , N, and V are shown in Fig. 1 . According to these values, the data cover the entire duration of stand development for all the species and for the rotations usually applied in NW Spain.
Methodology
Two alternative approaches for stand biomass estimation were proposed: (1) systems of equations in which component and total stand biomass depend on observed stand variables and (2) systems of equations that use stand volume data and appropriate BEF to expand volume estimates to biomass estimates. In both cases, species-specific systems of equations with cross-equation constraints on the structural parameters and cross-equation error correlation were defined for predicting component and total aboveground stand biomass with additivity (Parresol 2001; Bi et al. 2010 ).
SBE including observed stand variables
In this approach, each system of equations has the following general formulation:
where, W i represents the stand biomass for the ith component, W T is the total aboveground stand biomass (i.e., the sum of all the stand biomass components), X j are stand variables (j01,…, m), a i0 -a ij are parameters to be estimated in the fitting process, and ε i ,ε T are intercorrelated error terms. The allometric functions adopted in the formulation of the systems of equations were selected because they are the most frequently used for describing the allometric relationships between tree/stand biomass and tree/stand variables (e.g., Bi et al. 2010; Shaiek et al. 2011 ).
The stand biomass components considered depend on the individual-tree biomass component equations available for each species and vary in number between five and six (see Table 1 ). A stepwise regression procedure was used to select the jth regressor stand variables for each ith biomass component equation, over the linearized version of the models taking natural logarithms. The significance level for entering and maintaining variables in the model was restricted to 0.01.
The system of equations was fitted using the generalized method of moments (GMM) in the PROC MODEL procedure of SAS/ETS® (SAS Institute Inc. 2008 ). This method produces efficient parameter estimates under heteroscedastic conditions, without specifying the nature of the heteroscedasticity (Greene 1999; SAS Institute Inc. 2008) , and thus avoids estimating the heteroscedastic error variance. The major drawback of this method is that bounds on the predictions cannot be generated without specifying or estimating the error structure (Parresol 2001) .
One problem encountered in estimating the system of Eq. 1 was that the error term of the equations for total aboveground stand biomass is a linear combination of the error terms of the biomass component equations, which led to a singular across equation variance-covariance matrix. SAS overcomes this problem by computing a generalized inverse of the variance-covariance matrix, by setting part of the matrix for total stand biomass to zero (SAS Institute Inc. 2008) . Although this procedure avoids the problem of singularity by ignoring the correlations between the error term for the total biomass and the error terms for other biomass components, the cross-equation constraints on the structural parameters are still applied in the parameter estimation (Bi et al. 2004 (Bi et al. , 2010 . The parameters estimated from fitting the biomass component equations simultaneously, without considering the equation for total stand biomass, are therefore not equal. −1 ), W b7 0wood plus bark biomass of branches with 7 cm minimum top diameter (Mg ha −1 ), W b2-7 0wood plus bark biomass of branches with 7 cm maximum butt diameter and 2 cm minimum top diameter (Mg ha −1 ), W b0.5-7 0wood plus bark biomass of branches with 7 cm maximum butt diameter and 0.5 cm minimum top diameter (Mg ha −1 ), W b0.5-2 0wood plus bark biomass of branches with 2 cm maximum butt diameter and 0.5 cm minimum top diameter (Mg ha −1 ), W b0-2 0wood and bark biomass of branches with 2 cm maximum butt diameter (Mg ha -1 ), W b0-0.5 0wood and bark biomass of branches with 0.5 cm maximum butt diameter (Mg ha −1 ), W l 0leaves/needles biomass (Mg ha −1 )
SBE including BEF and stand volume
The following definition of stand-level BEF was used in this study:
where, BEF i is the biomass expansion factor (Mg m -3 ) for the ith biomass component, W i is the dry weight of the stand biomass component (Mg ha -1 ), and V is the total stand volume (m 3 ha -1
). Stand-level BEF i were computed for each plot and species, considering W i as the sum of the estimated tree-level biomass of ith component over trees measured on the sample plot, and V as the corresponding sum of tree-level stem volumes. Scatter plots of species-specific stand-level BEF i against stand variables were examined in order to detect any trends in these relationships, and therefore to decide if standdependent BEF i models are required. In that case, growing stock and stand age were disregarded as regressor variables. The former was not considered because it is an estimated variable (not actually measured) and therefore has an associated prediction error; the latter was discounted for the reasons explained in the above section.
Taking into account these considerations and Eq. 2, the following species-specific system of equations was defined:
where, BEF i (X j ) are stand-dependent functions for predicting BEF i . Seemingly unrelated regression (SUR) available in the SAS/ETS® PROC MODEL procedure (SAS Institute Inc. 2008) was used for model fitting. This regression method was selected because the relationships between stand biomass components and stand volume were quite homoscedastic. Under homocedastic conditions, even under the constraint of additivity, the SUR estimator produces lower variance and is more efficient than other estimation methods (Parresol 1999; Bi et al. 2001 ).
Model evaluation
Measurement of the goodness-of-fit for the models was carried out by use of the root mean squared error (RMSE) and the coefficient of determination (R 2 ). The RMSE provides a measure of the precision of the estimates in the same units as the dependent variable and the coefficient of determination measures the amount of the observed variability explained by the model.
The possible existence of bias for both types of SBE was evaluated by the use of F test. This test checks the null hypothesis that the slope of the linear models fitted to the scatter plots of observed against estimated values was equal to 1, at the same time as the intercept was equal to 0. A validation dataset was not used to evaluate the accuracy of the final models in stand biomass and BEF predictions. The only method that can be regarded as "true" validation involves the use of a new independent dataset (Vanclay and Skovsgaard 1997; Yang et al. 2004) , although alternative approaches are used because of the scarcity of such data. The common method of splitting the dataset in two portions does not provide additional information and is not recommended from the viewpoint of parameter estimation (Myers 1990) . Moreover, other techniques such as double crossvalidation and statistical tests provide very limited information about the predictive ability of the models (Kozak and Kozak 2003; Yang et. al. 2004 ).
Results
The parameter estimates and the goodness-of-fit statistics of the SBE including observed stand variables are shown in Table 2 . All parameter estimates were significant at P<0.01. All the equations performed well and generally explained between 85% and 99% of the observed stand biomass variability for all the species (for only two of these components, the variability explained was lower than 85%: needle biomass for P. radiata and twigs biomass for Q. robur). As expected, the coefficients of determination were generally highest for stem wood biomass and lowest for stand foliage and thin branch biomass components. Examination of the residuals revealed that all the regression models were unbiased with respect to the independent variables for the data range used.
The biomass expansion factors for leaves/needles (BEF l ), branches (BEF branches ), and total aboveground biomass (BEF T ) were plotted against the most closely related stand variables (Fig. 2) . The constant values for BEF l , BEF branches , and BEF T reported for the whole country (Sabaté et al. 2005 ) are also shown. The large variation in BEF i for all species explains why these factors were considered as standdependent. The following nonlinear function was found to be the most adequate for modeling the relationship between BEF i and stand variables:
where, b 0i and b 1i are model parameters, and X j are stand variables. The SBE developed from stand-dependent BEF and stand volume are shown in Table 3 . All parameter estimates were significant at P<0.01. Depending on the species and the biomass component considered, quadratic mean diameter and dominant height were the variables that best explained the biomass expansion factors. For most species and biomass components, the percentage of variability explained by these systems of equations was comparable to that explained by the systems of equations including observed stand variables (Table 2) , except for wood biomass and total biomass equations, for which the percentage of variability explained was higher.
A comparison between the two approaches in terms of prediction accuracy in biomass estimation is shown in Table 4 . The simultaneous F test shows that, for most biomass components, more biased estimates are expected from the traditional biomass-dependent BEF i equations than when using SBE including observed stand variables.
However, in terms of precision, the results are not very conclusive. The RMSE was comparable (or even smaller) for the SBE including observed variables. Nevertheless, for the stem wood and total biomass equations, the RMSE was substantially lower for SBE including stand volume and BEF.
Discussion
As regards the systems of equations including observed stand variables, stand basal area was selected as a predictor for all species and biomass components. This supports previous findings that stand basal area is the most important variable when predicting stand biomass of all components (e.g., Snowdon 1992; Husch et al. 2003; Bi et al. 2010 ). The estimated parameters related to this variable were in all cases positive numbers, showing that stand biomass increases with basal area.
Nevertheless, for a given stand basal area, there is a large variation in the component and total biomass values (see Fig. 1 ). Therefore, the use of a second independent variable was generally necessary in order to improve the predictive ability of most of the biomass component equations. Dominant height was the second most important stand variable for most species, and was always significant (except for P. sylvestris) for stem wood and thick branch biomass component equations. Both stand basal area and dominant height have been widely used by foresters to predict volume yield (e.g., Brooks and Wiant 2004) , which is closely related to stem wood biomass. Other variables such as dominant diameter and stand density are included in some component equations (especially leaves/needles and branches), and take into account the stage of stand development and the level of competition within the stand. Bi et al. (2010) also found stand density to be a significant variable for branch component equations in radiata pine stands, probably because of the level of competition, which affects branching characteristics and biomass partitioning among components (e.g., Madgwick and Oliver 1985) .
Although the model specifications for some biomass components are not biologically realistic, the equations performed adequately for the observed data range. Other authors (e.g., Bi et al. 2010) 
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R 2 00.5725 stand age for stem wood, bark, and foliage biomass equations in the model specification in order to reflect agerelated changes in stem wood density and leaf area index. Specifically, the effect of stand age on some components such as stem bark or foliage is widely recognized, because both are important components at early ages, but minor components in old stands (e.g., Antonio et al. 2007; Bi et al. 2010 ). In addition, silvicultural practices, such as thinning, pruning, and fertilization, which may affect the accumulation and partitioning of stand biomass among components (e.g., Albaugh et al. 2009) were not explicitly considered in the models developed. This may lead to biased stand biomass estimates, at least for some years after the treatments. As expected, BEF i values were not constant over stand development (Fig. 2) . The trends in the values of the BEF i in relation to stand variables were similar to those observed by Soares and Tomé (2004) for E. globulus and by Faias et al. (2009) for E. globulus and P. pinaster in the nearby region of Portugal. Therefore, constant BEF i reported at national level in Spain (Sabaté et al. 2005) provides biased estimates of stand biomass for all of the species studied, making it necessary to model BEF i from stand variables. Dominant height and quadratic mean diameter were the variables that best described the pattern of changes in BEF, and were therefore included in the fitting process for the system of additive equations. The rectangular hyperbole (Eq. 4) used for modeling BEF changes throughout stand development was also found by Faias et al. (2009) to be the most adequate for different species and biomass components in Portugal.
Most studies that develop models to predict BEF use stand age or growing stock as independent variables (e.g., Jenkins et al. 2003; Lehtonen et al. 2004) . Although these variables were not considered in the present study, the variables selected were to a certain extent surrogates for stand development.
As regards selection of the most adequate approach, the results were nonconclusive. On one hand, the SBE systems that included BEF and stand volume provided a precision comparable with the SBE that included observed stand variables. However, for stem wood and total biomass equations, the prediction error associated with the former was smaller. These findings may be explained by the close relationship between stand volume and stem wood stand biomass and the high proportion of stem wood stand biomass in total stand biomass (e.g., Bi et al. 2001) . On the other hand, the estimates obtained by the SBE that included BEF and stand volume were generally more biased than those obtained from the SBE that included observed stand variables. The poorer performance of the former approach may be a result of the slight bias remaining after modeling BEF i from stand variables.
Finally, it must be emphasized that both alternative systems of SBE eliminated the logical inconsistency between the sum of predicted values for the stand components and the prediction for total stand. In addition, since the inherent correlation among biomass components was taken into account, they were statistically more efficient (Parresol 2001) .
Conclusions
Two effective stand-basis methods of biomass estimation were developed and compared: SBE including observed stand variables and SBE including BEF and stand volume. In both cases, the fitting process considered the inherent correlation between biomass components and the constraint between the sum of predicted stand biomass components and the total stand biomass.
Overall, both methods performed similarly in estimating component aboveground stand biomass for all species studied. However, for stem wood biomass and total aboveground biomass, the use of SBE including BEF and stand volume provide more precise estimates. As the inventory effort is similar for both alternatives, the choice of which to use will depend on the data available and on the relative importance of the biomass components for the end-users.
The equations presented may be used to estimate total aboveground stand biomass and biomass of stand components for the major tree species in NW Spain, providing alternative and additional methods to the currently used scaling-up approach when treewise data are not available, as commonly occurs in strategic forest planning.
